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Layers composed of metallic nanostructures particularly of silver ͑Ag͒ and gold ͑Au͒ nanoparticles have generated considerable interest in recent years due to their unique optical properties which are clearly different from those of the bulk.
1,2 One of these properties is surface plasmon resonance ͑SPR͒, the collective response of electrons on the surface of a conductor to an optical field, which strongly affects the spectroscopic characteristics of nearby molecules. 3 The excitation of localized surface plasmons ͑SPs͒ by light at an incident wavelength, where resonance with free electrons occurs, the appearance of intense surface plasmon absorption bands, and an enhancement in the local electromagnetic field. The enhanced electromagnetic field enhances the fluorescence of dye molecules, located near the metal surface. 4 Much effort has been devoted to the application of these characteristic SPs to optoelectronics, for possible applications to molecular sensing, 5 organic solar cells, 6 electrochromic devices, 7, 8 and light emitting diodes.
9-11
The frequency and intensity of the resulting surface plasmon absorption bands are characteristic of the type of metal used, and are highly sensitive to the size, size distribution, shape of the metallic nanoparticles, as well as the surrounding environment. [12] [13] [14] However, because of the quenching of the light emission which could degrade the luminescence yield, when the organic fluorophores were located near the metallic nanoparticles in the light emitting devices, 15 only a few attempts have been made to date to apply SPs to organic light emitting devices ͑OLEDs͒. 10 We report herein on a simple and effective method for tuning the surface plasmon wavelength of Ag nanostructures and investigate how SPs affect the optical properties of light emitting polymers. The focus of the study was to enhance the efficiency of light emission from organic fluorophores via the use of 3 nm thick Ag island nanostructures as a metal functionalized layer on indium tin oxide ͑ITO͒ substrates.
The samples were fabricated with a structure comprised of a glass/ITO/Ag island layer ͑3 nm͒/poly͑3,4-ethylenedioxy thiophene͒/poly͑styrenesulfonate͒ ͑PEDOT: PSS͒ ͑50 nm͒/light emitting polymer layer ͑60 nm͒. This structure is based on a typical OLED structure except for the cathode, and potentially could be directly applied to an OLED. The 3 nm thick Ag island layer, was fabricated by a thermal evaporation method by subliming Ag onto the ITOcoated glass in an evaporation chamber at 10 −6 Torr. The substrate temperature was room temperature. After the thermal evaporation process, the samples were subsequently annealed in a nitrogen atmosphere for 5 and 30 min at 200°C on a hot plate. In addition, Ag was sublimated on the top of a carbon-coated copper grid, for use in a highresolution transmission electron microscopy ͑TEM͒ study. The morphology of the Ag island layer was investigated by TEM TECNAI F20 from Philips operated at 200 kV. After the annealing process, a stepped overlayer structure was built up on each sample by sequential spin coating with PE-DOT:PSS and two different types of light emitting polymers were investigated, which were poly͓9, 9-dihexylfluorene-2, 7-diyl͔ ͑PF͒ and poly͓2-methoxy-5-͑2Ј-ethyl-hexyloxy͒-1 4-phenylenevinylene ͑MEH-PPV͒. Extinction spectra of these samples were recorded using an UV-vis spectrophotometer and photoluminescence ͑PL͒ spectra were acquired under excitation by a xenon lamp with a monochrometer and using a charge-coupled device detector from Princeton Instruments with a monochrometer.
Before the tempering process, the evaporated Ag island layer consisted of densely packed and quite irregular shaped dots with a diameter of 3 -10 nm, as confirmed from TEM images as shown in Fig. 1͑a͒ . After the tempering process, the Ag dots coalesced and became round. Figures 1͑b͒ and  1͑c͒ show that the size of the tempered Ag islands became larger than nontempered ones and increased with increasing annealing time. The growth of vapor-deposited metals could be considerably affected by the substrate surface. Therefore, we also confirmed the morphology of 5 min tempered Ag nanostructures on ITO substrate by both scanning electron microscope and atomic force microscopy ͑not shown͒. The size and morphology of Ag nanostructures on ITO were similar with those on a carbon-coated copper grid.
The surface plasmon wavelength of a 3 nm thick Ag island layer on an ITO-coated glass substrate depends on the annealing time. As can be seen in Fig. 1 , the maximum absorption peak was progressively blueshifted with increasing annealing time. Therefore, the annealing time has an effect on the shape anisotropy and interparticle distance related to the interparticle coupling of Ag islands. With increasing an-nealing time, the elliptical shape of the Ag islands became round, i.e., the shape anisotropy decreased, and as a result, the surface plasmon absorption spectrum was shifted to shorter wavelength. 16 The measured absorption spectra of PF and MEH-PPV on bare ITO substrates and on Ag-nanostructure-coated ITO substrates are shown in Fig. 2 . The degree of increased absorption intensity was very similar in the cases of both PF and MEH-PPV. The extinction wavelength of PF and MEH-PPV on PEDOT:PSS-coated ITO substrates did not change, compared to that on bare ITO substrates. The surface plasmon peak of the PEDOT:PSS-coated Ag island layer was blueshifted compared to that of a Ag island layer without PEDOT:PSS. Typically, when Ag nanostructures are in contact with simple dielectric materials, the peak of SPs is redshifted, based on the following equation:
where p is the plasma frequency and m is the permittivity of the medium as the interparticle dielectric constant, which can be taken as the average of the dielectric constants of the substrate, sub , and the external surrounding medium, ext , i.e., av = ͑ sub + ext ͒ /2. 11 However, the maximum peak of SPs was shifted from 490 to 413 nm, as shown in Fig. 3 . PEDOT:PSS was not a simple dielectric material but a -conjugated polymer, which made the interaction between the Ag nanostructures and fluorophores complicated. This phenomenon is not fully understood at this moment, and detailed analysis is currently under way.
The role of the PEDOT:PSS layer in our experiment is to serve as a spacer. The thickness of the spacer layer affects the PL enhancement ratios because SPR is an evanescent wave that decays exponentially with distance from the metal surface. 9, 12, 13 To verify this, we prepared a spacer-free sample, namely, light emitting polymers that were in direct contact with Ag nanostructures, and measured the PL. As a result, luminescence quenching appeared in the cases of both PF and MEH-PPV. To prevent luminescence quenching, it was necessary to separate the light emitting materials from the Ag island layer using a spacer, in our case, which was PEDOT: PSS. According to previous reports, effective range of SPs field depends on the type of metals and surrounding medium of metals. As a result, the SP enhanced fluorescence has been observed when the distance between the light emitter and the metal is typically lower than 200 nm. 17, 18 In our study, the sample that used 50 nm thick PEODT:PSS showed the most enhanced PL of conjugated polymers, when we varied the thickness of PEDOT:PSS from 10 to 80 nm. We observed that the emission of the light emitting polymers can be enhanced by using SPs coupled to the Ag island layer with respect to the reference sample ͑Fig. 4͒. The SP coupling caused by the increased interaction between the charge density of the metal surface and the incident light associated with the momentum of the SPs of Ag nanostructures was larger than that of a free-space photon of the same frequency. The SP wave vector ͑k SP ͒ is given by
where k 0 is the free-space wave vector, m the permittivity of the metal, and d the dielectric constant of the material. From Eq. ͑2͒, the increased momentum of the SPs can be obtained because k SP is larger than k 0 . 12 The degree of enhanced PL obtained in the case of PF was higher than that for MEH-PPV. The maximum intensity of the PL of PF from the experimental structure was approximately 2.5 times larger than that for the control sample. It is therefore clear that the presence of Ag nanostructures plays a crucial role in enhancing the emission properties of the light emitting polymers. The emission wavelength of light emitting polymers with the Ag island layer was consistent with the original emission wavelength. The PL is enhanced when the emission wavelength of the light emitting materials and the SP energy of the metal contact with the dielectric medium are similar. 9, 17 Thus, the plasmon energy of the Ag island coated with PEDOT:PSS ͑Ϸ413 nm͒ would be suitable for surface plasmon coupling to blue emitting materials. Because of this a larger enhancement could be observed in PF.
The enhanced PL can be attributed to the increased radiative rates for molecules near the Ag nanostructures by the coupling of SPs generated on the Ag island layer when the plasmon resonance frequency closely matches the emission frequency of the light emitting polymers. 9 Molecular relaxation processes may produce SPs instead of a photon via emission energy transferred to a surface plasmon at the light emitting polymers/PEDOT:PSS/Ag nanostructure interface, so that this additional path for relaxation would lead to an increase in the spontaneous emission rate. 17, 19 In conclusion, the absorption intensity of PF and MEH-PPV was enhanced when light emitting polymers on the PEDOT:PSS-coated Ag island layer are used as a metal functionalized layer. An analysis of the PL data indicated enhanced PL efficiency about 2.5 times for the PF coupled to the Ag nanostructures. From these results, the performance of polymer based OLEDs could be enhanced substantially using these Ag nanostructures, and the related experiments are currently under way. 
